INTRODUCTION
Evolutionary theories suggest that parents can adjust offspring sex ratio adaptively to achieve optimal survival and reproductive results [1, 2] . The most influential adaptive sex ratio adjustment hypothesis, which was proposed by Trivers and Willard (TW), stated that, because the reproductive success of male offspring tends to be more variable and resource-sensitive than that of female offspring, parental investment in sons of good quality yields greater reproductive returns than comparable investment in daughters of the same quality, whereas parental investment in sons of poor quality yields lower reproductive returns than comparable investments in daughters of the same quality [1] . This leads to the prediction that for human and non-human vertebrates, healthy, well-nourished and high-status mothers are more likely to give birth to sons, whereas unhealthy, poorly nourished and low-status mothers are more likely to give birth to daughters [3] [4] [5] [6] [7] . Another important adaptive sex ratio adjustment hypothesis was proposed by Myers [2] . Myers agreed with TW on the prediction regarding the adaptive sex ratio adjustment but disagreed with their explanation. According to Myers, mothers under nutritional stress are more likely to give birth to daughters because daughters are nutritionally less expensive than sons and thus have a better chance to survive the harsh environment [2] .
The empirical tests of the abovementioned adaptive sex ratio adjustment hypotheses have primarily focused on the effect of maternal nutritional condition [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Because social status and health condition are determined by a large number of genetic and environmental factors, they are difficult to experimentally manipulate for causal analysis. Nutrition, in contrast, can be manipulated in controlled experiments. In fact, some of the most important animal-based evidence supporting the adaptive sex ratio adjustment hypothesis comes from experimental studies [16] [17] [18] . Owing to additional legal and ethical restrictions on the use of human subjects in scientific research, however, human-based empirical evidence mainly comes from observational studies. One observational study using human subjects compared the sex ratio of offspring between women with a good diet and women with a poor diet [10] , whereas other observational studies compared the sex ratio of offspring between women with normal weight or body mass index (BMI) and those with low body weight or BMI [13, 19, 20] . Research has also estimated the relationship between nutritional condition and sex ratio at birth at the national level [15] . These observational studies lead to inconsistent findings regarding whether poor maternal nutritional conditions reduce the proportion of male births among human. One possible explanation for the inconsistent results is omitted variable bias [21] . Women's conditions (e.g. weight, body mass, diet) and reproductive outcomes may be jointly determined by genetic and environmental factors, many of which cannot be directly observed and controlled for in statistical analysis. Without randomization, the estimated relationship between women's conditions and reproductive outcomes may be confounded by these unobserved determinants [22] .
Famine provides an opportunity to tackle the problem. Famine serves as a 'natural experiment' that mimics a randomized experiment because the mechanism of determining an individual's nutritional condition (exposed to famine-induced malnutrition or not) is exogenous and largely independent of individual-level outcomes [23] . The effect of maternal nutritional condition on offspring sex ratio at birth can be assessed by comparing the sex ratio at birth between those who were born during the famine and those were born either before or after the famine. Unfortunately, existing famine-based empirical evidence is also inconsistent. Studies based on the 1944 -1945 Dutch Hunger Winter and the 1942 Leningrad Siege reported (i) no association [9, 24] , (ii) a negative association [25] and (ii) a positive association [14] between maternal famine exposure and offspring's sex ratio at birth. There are a number of possible reasons for these inconsistent findings.
First, both the Dutch Hunger Winter and Leningrad Siege lasted for a relatively short period of time (seven months in Holland and six months in Leningrad). Therefore, the possibility that the duration of these famines was too brief to produce a consistent effect on sex ratio at birth cannot be ruled out [15] . Second, as both famines were regional in scale, they impacted relatively small populations, making it difficult to obtain study samples with large enough sample sizes to produce reliable effect estimates. Third, none of the existing studies paid sufficient attention to the potentially confounding effect of the long-term secular trend in sex ratio at birth, which has been documented in a number of studies [26, 27] . Comparing birth cohorts (i.e. those who were born before, during and after the famine year) outside of their historical context results in the risk of mistakenly interpreting the effect of the long-term secular trend as part of the causal effect of interest. Depending on the direction and magnitude of the secular trend and the causal effect of interest, such confounding effects can lead to either false-positive or false-negative findings.
The commonly used dummy variable regression approach does not work well with long-term secular trend data. As Greenland [28] stated, breaking a continuous explanatory variable (e.g. time of birth) into an arbitrary number of subgroups (e.g. pre-famine, famine and postfamine cohorts) and including dummy variables that represent these subgroups into regression analysis assumes no within-group variation. This is a strong assumption and is not biologically reasonable, especially when the subgroup is defined broadly. When the subgroup is narrowly defined such that the no within-group variation assumption is less problematic, the number of subgroups to be included in the analysis is often too large to be tractable. As the number of subgroups increases, the number of cases within each group decreases, making it increasingly difficult to obtain reliable effect estimates. An alternative strategy is to conduct 'break point' or 'change point' analysis to capture abrupt changes in the long-term secular trend in sex ratio at birth [29, 30] . Break points refer to the points on the regression line at which the regression function is continuous but first derivatives are discontinuous [29] . There are many forms of break-point analysis, the simplest of which is based on linear spline regression models [31] . Compared with quadratic, cubic or even higher order spline models, the main strength of a linear spline model is the interpretability of the spline coefficients, as these coefficients represent the differences in the slope coefficients of the regression lines before and after the break points [32] .
The current study uses the Chinese Great Leap Forward Famine of 1959 -1961 as a natural experiment to test the adaptive sex ratio adjustment hypothesis proposed by TW and Myers. Combining data from a large, nationally representative sample survey and linear spline-based break-point analysis, this study identified the following three break points on the otherwise smooth secular trend in sex ratio at birth between 1929 and 1982: (i) a sudden decline in sex ratio at birth beginning in April 1960, over a year after the famine began; (ii) a sharp increase beginning in October 1963, nearly 2 years after the famine ended; and (iii) a slowdown in July 1965, nearly 4 years after the famine ended, followed by a long-term gradual increase. Such a V-shaped curve provides evidence that supports the adaptive hypothesis and suggests that more than six or seven months of cumulative famine exposure may be required to observe the hypothesized changes in sex ratio at birth.
MATERIAL AND METHODS
The Great Leap Forward Movement (November 1957-January 1961) was initiated by senior Chinese leaders to boost industrial productivity and accelerate the pace of economic development through mass mobilization. This effort, however, ended disastrously with a severe famine that lasted over 3 years and affected hundreds of millions of people [33, 34] . It is difficult to pinpoint the exact beginning and ending dates of the famine because of the vast territory involved and the presence of significant regional variations in the famine impact. Famine conditions began in the autumn of 1958 in some parts of the country and then became widespread in the beginning (January) of 1959 [35] . The famine continued in most parts of China for 3 years until the end (December) of 1961, causing over 30 million deaths and 33 million fertility losses [34, 36, 37] , making it one of the most disastrous catastrophes in modern human history. The Great Leap Forward Famine has been used to study the relationship between prenatal malnutrition and mortality [38, 39] , schizophrenia [40] , BMI [41] , height [41, 42] and disability [43] . It also provides a sensible test case for adaptive sex ratio adjustment hypothesis. In particular, the famine's unusually long duration and broad population impact provide an opportunity to understand why earlier studies based on the 1944-1945 Dutch Hunger Winter and the 1942 Leningrad Siege did not find consistent evidence for the hypothesized adaptive effects.
The data used in the present study were obtained from the 1982 one-per-thousand fertility survey conducted by the Chinese State Family Planning Commission. Conducted two months after the 1982 Chinese Census, the one-per-thousand fertility survey used the census as the sampling frame to collect complete retrospective birth histories from a nationally representative sample of 310 101 Chinese women aged 15-67 through face-to-face interviews. This survey was the first national fertility survey conducted in China since 1949, and it generated high-quality data with excellent population coverage [44, 45] . A number of influential publications in the 1980s and 1990s were based on the one-per-thousand survey data, covering a wide range of research topics, including sex ratio at birth [46, 47] . Because no earlier survey or census data are available in China and the official statistics for the 1960s and 1970s are fragmented and unreliable owing to the breakdown of the statistical system during the Cultural Revolution (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) , the 1982 one-per-thousand fertility survey is the best data source to examine the demographic consequences of the Great Leap Forward Famine.
The current study focused on the 830 045 live-born children (born between September 1929 and July 1982) of the 310 101 surveyed women. The dependent variable, the sex of each child, was reported by the selected women. It was coded such that 1 ¼ male and 0 ¼ female. Retrospective information is subject to recall bias. However, because giving birth is such a significant event in a woman's life, recall bias is much less of a concern in this particular case. Furthermore, it is unlikely that the trend in sex ratio at birth was influenced by the one-child family planning policy because (i) the policy was in its very early stage in 1982 (when the survey was conducted), and its demographic consequences, including an increase in sexselective abortion, did not become apparent until a few years later [48] and (ii) highly effective prenatal sex determination technology, such as the ultrasound machine, first appeared in China in the early 1980s; however, for several years, the technology was not sufficiently available to have a substantial impact on sex ratio at birth at the population level [49] .
Children's birth cohort, defined by the year and month of birth, was used to approximate the key explanatory variable of maternal famine exposure status. The 36 single-month birth cohorts born between January 1959 and December 1961 represented the directly exposed group and the remaining cohorts composed of the unexposed group. To partial out the influence of changes in cohort composition, the analysis also controlled for variables including birth order, mother's age at childbirth, mother's education, ethnicity (ethnic Han versus others), place of residence (urban versus rural) and province.
To identify the number and location of break points at which significant deviations from the long-term secular linear trend in sex ratio at birth occurred, the current study relied on linear splines logistic regression models of the following form:
where P t denotes the probability of having male births, X t denotes the birth cohort, expressed as year and month of birth starting with X t ¼ September 1929, S j denotes the location (year and month) of the jth break point and D j denotes a set of dummy variables with values of 0 before reaching the designated break point S j and a value of 1 thereafter. The intercept, a 0 , represents the log odds of the probability of having a male birth for the year and month zero, which is outside the relevant value range and is thus not meaningful. Its only purpose is to help define the regression line for the period between the initial point (September 1929) and the first break point. Whereas b 0 represents the slope of change in the log odds of P t for the period between September 1929 and the first break point, b j represents additional change to the slope coefficient added by the period between the ( j21)th and the jth break points. Z represents a vector of control variable and b* denotes their coefficients.
The sandwich robust estimator was used to correct for the possible clustering effect induced by the fact that each woman may have multiple children [50] .
Unlike some of the more sophisticated alternatives, the linear spline regression model (as depicted in equation (2.1)) does not automatically produce an estimate of the globally optimal number or location of break points. Rather, these parameters are obtained through an iterative process of estimating and comparing a large number of models with different initially assigned break points. The main advantages of this approach are simplicity and robustness, as it is easy to implement with the existing software and can achieve robust results when other methods fail. The iterative model selection procedure relies on the following propositions [31] : (i) the linear effect model (i.e. model with zero break points) is nested in linear spline models (i.e. a model with one or more break points) and (ii) spline models with K break points are nested in spline models with these same K break points plus additional ones. Given these propositions, the likelihood-ratio tests can be used to determine the presence, number and location of statistically significant break points, given a set of initial values for the break points. Models with different sets of initial values for break points are generally not nested in one another; therefore, the likelihood-ratio test is not applicable. However, Akaike information criteria (AIC) can be used to choose between these non-nested models [51] .
The following estimation and model selection procedures were used to identify the globally optimal number and locations of break points at which significant deviations from the long-term secular trend in sex ratio at birth occurred [52] : (i) define n ¼ 1, 2, 3, . . . N(N . 20) equally spaced break points; (ii) for each of these N sets of initially defined break points, estimate all possible linear spline logistic regression models with n or less break points, and identify the optimal number of break points using likelihood-ratio test; (iii) choose the globally optimal number of break points from these N locally optimal number of break points (i.e. given the initially assigned break points) based on AIC. This process is time-consuming; however, some of the operations can be automated by the user-contributed command 'mvrs' in the statistical software STATA [52] .
For comparison purposes, the results from two dummy variable regression models comparing single-year cohort difference in sex ratio at birth among the cohorts born before, during and after the famine are also included in the appendix, table 3. Figure 1 shows the number of births in each month between September 1929 and July 1982 recorded in the data. The very small number of births in the 1930s and earlier is an artefact of the sample selection criteria employed in the 1982 one-per-thousand fertility survey because the oldest women in the sample, those who were 67 in 1982, were only 14 in 1929. The upward trend in the number of births in the 1930s, 1940s and 1950s were driven by the fact that more and more women in the sample grew up and became reproductively active. Similarly, the downward trend in the number of births in the 1970s and after were driven by the fact that more and more women in the sample grew old and ceased to be reproductively active. The sudden and unexpected decline in the number of births around 1960, however, cannot be explained by changes in the number of women of reproductive age. Instead, it suggests that the Great Leap Forward Famine had a significant fertility-inhibiting effect. Figure 2 reports the monthly trend in the proportion of male births. To ensure the legibility of the figure, the very early cohorts with a small number of births were excluded from figure 2. The solid line, which was produced by nonparametric local polynomial smoothing method [53] , suggests that the proportion of male births increased in the first half of the 1950s, reached the peak level around 1958, then began to decline; the decline stopped around 1963, then followed by a gradual increase. The timing of the decline in the proportion of male births coincides with the timing of the Great Leap Forward Famine, suggesting that women during the famine were less likely to give birth to sons. Table 1 reports model selection information from 38 linear spline logistic regression models. The first column of the table reports the initial number of equally spaced break points; the second column reports the locally optimal (i.e. given the initial values) number of break points based on the results of likelihood-ratio test; the third column reports the locations of the identified break points; and the fourth column reports the associated AIC values. The baseline model with no break point yielded an AIC value of 1 149 329. This value was higher than that in any other models with break points, suggesting that the linear trend model fits the data poorly, and significant deviations from the long-term secular trend in sex ratio at birth do exist. Among the models listed in table 1, AIC indicates that the best-fit model began with 90 equally spaced break points (AIC ¼ 1 149 308), followed by the model that began with 19 and 100 equally spaced break points (AIC ¼ 1 149 309). All of the best-fit models resulted in three break points based on the likelihood-ratio test and were relatively close together.
RESULTS
Further model selection exercises suggested that the AIC value of 1 149 308 is the lowest possible value that could be achieved from these data; therefore, the linear spline model beginning with 90 equally spaced break points yielded the best-fit model. Based on this model, three break points located in April 1960, October 1963 and July 1965 were identified. Table 2 reports break point coefficients from the best-fit model in the form of estimated difference in the slope of the regression lines before and after the break points. Between September 1929 and April 1960, the log odds of having a male birth gradually decreased at a rate of 0.00011 per month. The trend of having a male birth changed significantly, however, between April 1960 and October 1963, as the log odds of having a male birth declined rapidly at a rate of 0.00103 (i.e., (20.00011) þ (20.00092)) per month. The coefficients for the other two periods can be interpreted similarly.
Results from spline models are best presented by plotting the predicted values. Figure 3 shows the predicted proportion of male births and associated 95% confidence intervals (CIs) produced by the best-fit model reported in table 2. As shown in figure 3 , the proportion of male The rapid decline in the proportion of male births ended in October 1963, roughly 2 years after the famine ended, and was followed by a sudden compensatory increase. In less than 2 years, the proportion of male births rose from 0.510 to 0.518, approaching the pre-famine level. This compensatory increase ended in July 1965 and was followed by a long-term gradual increase, leading to a proportion of male births of 0.520 in 1982. The V-shaped curve, as shown in figure 3 , confirms the descriptive findings shown in figure 2 . The sudden decline in the proportion of male births in April 1960 occurred to those who were conceived around July 1959, half a year after the famine began. This result suggests that the response to famine-induced malnutrition was triggered only after the adverse effect accumulated to a certain level. Similarly, given that the proportion of male births rebounded in October 1963 (being observed for those who were conceived in January 1963, approximately a year after the famine ended), a similar conclusion could be reached. The 1 year lag between the end of the famine and the beginning of the compensatory increase may indicate the amount of time it took for most women to recover fully from the famine and reach a normal body condition, for which they were expected to produce a similar sex ratio at birth as before the famine.
It is informative to compare results from break-point analysis against results from dummy variable regression models, as reported in the appendix, table 3. The unadjusted model in the appendix, table 3 included single year birth cohort as the only explanatory variable, whereas the adjusted model also included a number of control variables, including province, ethnicity, maternal education, place of residence, maternal age and birth order. The two models yielded consistent results with only the following exception: the difference in the odds of having a male birth between the 1962 cohort and the 1956 reference cohort was statistically non-significant in the unadjusted model but was statistically significant in the adjusted model. These results agree with the results of break-point analysis. Without knowing the overall trend and the V-shaped pattern in the proportion of male births obtained from break-point analysis, it is not intuitive to explain why the 1962, 1963 and 1964 birth cohorts (who were born after the famine) had a statistically significant lower level of odds of having a male birth but the 1959, 1960 and 1961 birth cohorts (who were born during the famine) did not.
DISCUSSION
This study identified a V-shaped pattern in the sex ratio at birth around the time of the Chinese Great Leap Forward Famine. The fact that (i) only three break points in the long-term trend in the sex ratio at birth in China between September 1929 and July 1982 (635 single month birth cohorts in total) were identified and (ii) the identified break points closely matches the timing of the 1959-1961 Great Leap Forward Famine suggests that the famine-induced variation in maternal nutritional condition is likely to be the primary cause for the abrupt changes in sex ratio at birth around that short period of time.
That the abrupt decline in the proportion of male births first occurred to those who were conceived more than half a year after the famine began suggests that the earlier studies based on the Dutch Hunger Winter and Leningrad Siege failed to recover consistent evidence regarding the relationship between maternal famine exposure and offspring sex ratio at birth because the duration of the famines was insufficient. These famines either never reached the first break point at which the sex ratio began to decline drastically (in the Leningrad Siege case) or barely reached the first break point and ended before the change became detectable (in the Dutch Hunger Winter case). Furthermore, it is possible that more time would be required to observe the adaptive sex ratio adjustment effects in these other famine contexts because the severity of these famines was much less than that of the Great Leap Forward Famine in China.
This study has several limitations. First, it uses retrospective fertility history information, which is subject to under-reporting and recall bias. However, as discussed above, because giving birth is a significant event in a woman's life, recall bias is much less of a concern. Although sex differential under-reporting of birth is a known phenomenon in China, there is no compelling reason to believe that the pattern of under-reporting changed so drastically during the short period of time around the Great Leap Forward Famine that it produced the V-shaped curve in the proportion of male births presented in figure 3 .
Second, the results reported in this study are consistent with both the TW hypothesis and the Myers hypothesis. Unfortunately, owing to data limitation, it is impossible to conduct further tests to identify the exact evolutionary mechanism that has produced the observed relationship between famine exposure and changes in sex ratio at birth.
Third, also owing to data limitation, the current study cannot directly assess whether the famine-induced changes in sex ratio at birth occur around the time of conception (i.e. selective fertilization) or at later gestational stages (i.e. selective attrition). While selective fertilization is clearly adaptive in nature [54] , selective attrition is not necessarily so. To be more specific, the reason why male foetuses have a lower chance to survive during the famine could simply be that they are more vulnerable to adverse environmental conditions [55, 56] . Indirect evidence suggests that, however, this is unlikely to be the case here. Earlier study shows that the famine-induced increase in foetal attrition began in 1959 and ended in 1962 [57] , which means that: (i) the increase in foetal attrition in 1959 did not cause an immediate change in sex ratio at birth, and (ii) the observed changes in sex ratio at birth in 1962 -1965 were not caused by changes in foetal attrition. In other words, although selective foetal attrition may have played a role in shaping the sex ratio at birth among the 1960 -1961 birth cohorts, selective attrition alone cannot explain the changes in sex ratio at birth in the 1962 -1965 cohorts. Future studies should focus on the relationship between changes in foetal attrition and changes in sex ratio at birth directly to assess the relative importance of famine-induced selective attrition in producing the observed changes in sex ratio at birth.
In conclusion, this study provides empirical evidence suggesting that the 1950-1961 Great Leap Forward in China led to a decrease in the proportion of male births during the period. Such results support the adaptive sex ratio adjustment hypothesis that mothers in good condition are more likely to give birth to sons, whereas mothers in poor condition are more likely to give birth to daughters. This study is derived from a Chinese Academy of Social Sciences (CASS) key research project entitled 'The Past, Present, and Future Pattern of Sex Ratio at Birth in ChinaSome Policy Implications'. I obtained the data from the State Family Planning Commission (SFPC) through CASS for the purpose of this project. I thank both SFPC and CASS for their support to the project. I also thank Queens College, City University of New York for their support during manuscript preparation. I am grateful for the constructive comments and suggestions made by the editor and three anonymous reviewers of Proceedings of the Royal Society B. All remaining errors are mine. 
